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Abstract: We discuss how light can be efficiently bent by nanoscale-width
slit waveguides in metals. The discussion is based on accurate numerical
solutions of Maxwell's equations. Our results, using a realistic model for
silver at optica wavelengths, show that good right-angle bending
transmission can be achieved for wavelengths A > 600 nm. An approximate
stop-band at lower wavelengths also occurs, which can be partly understood
in terms of a dispersion curve analysis. The bending efficiency is shown to
correlate with a focusing effect at the inner bend corner. Finally, we show
that good bending transmission can even arise out of U-turn structures.
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1. Introduction

Understanding how to confine and manipulate light on a subwavelength scale is central to
advancing nanoscal e-based optics, spectroscopy and optoelectronics. Nanostructured metallic
systems, typically composed of silver or gold, are often studied because they can exhibit
surface plasmons (SPs) at optical wavelengths [1, 2]. SPs are electromagnetic surface waves
corresponding to collective electronic excitations near the metal surface. By coupling light
into SPs one can attempt to confine, concentrate and propagate electromagnetic energy in a
subwavelength limit. Interesting results with nanoscale holes in metal films [3-5] and arrays
of metal nanoparticles [6-8] have been obtained. There can be other useful phenomena, not
requiring SPs, that lead to subwavelength confinement and transmittance of light. For
example, subwavelength dlits can exhibit waveguide modes, including transverse
electromagnetic (TEM) modes that exist for any dlit width [9-13]. Redirecting or bending
propagating light at subwavelength scales is also a key element for realizing high density
integrated optics based on nanoscale-based photonic components. Photonic  bandgap
structures [14], as well as high dielectric resonant structures [15], can bend light. However,
the corresponding system dimensions are on the order of the wavelength or larger, making
them less appropriate for nanoscale optical elements.

It is natural to inquire if metal dlit structures, or 3-D analogs such as trenches in thin metal
films might be used to bend light on subwavelength scales. Indeed, recent finite-difference
frequency-domain calculations by Veronis and Fan [16] show that very efficient right-angle
bending and splitting is possible for d = 50-100 nm dlit structures in silver with wavelengths 4
>> d. Liu, Han and He [17], using finite-difference time-domain (FDTD) [18] calculations,
showed that 50 nm wide trenches in 200 nm thick silver films could also bend 4 = 632.8 nm
light reasonably well, and that rounding off the bend can improve the efficiency. Our work is
most directly related to these two studies. Wefirst carry out FDTD calculations on right-angle
bend dlit structures similar to those of Veronis and Fan [16]. Our results fully confirm their
conclusions. We then go on to show how the plasmonic structure of real silver can lead to
stop-band behavior, and analyze the origins of this behavior by computing a metal-air-metal
waveguide dispersion curve. Consistent with Liu, Han and He [17], we find that smoothing
the bend can enhance the transmission. Furthermore, we find that only the outer portion of the
bend need be rounded to obtain high bending transmittance, alowing for a tighter bend
region. By inspection of time sequences of our FDTD results, we find that a sharp inner bend
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leads to a focusing effect that can be correlated with efficient bending transmission. Finally,
we show that a U-turn dlit structure can also lead to remarkably good bending transmission.
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Fig. 1. Schematic diagrams of the systems studied: straight , right-angle
bend, and U-turn slit structures.
Section 2 below discusses the details of our numerical calculations, Sec. 3 presents our

right-angle bend results and Sec. 3 presents the U-turn results. Concluding remarks are in Sec.
4.

2. Computational details

We propagate grid representations of the electromagnetic fields, E and H, in the metdlic
structures of Fig. 1. These structures are two-dimensional, since invariance with respect to z
out of the x-y plane is assumed, but they could be realized experimentally with appropriately
thick metal slabs. Our focus is on transverse magnetic (TM) modes, defined relative to the x-y
propagation plane. These modes involve propagation of two electric field components,
Ex(xy:1), Ey(x.y.t), and the transverse magnetic field component, H,(x,y,t), in time, t. The other
modes, TE modes, have non-zero cut-off frequencies and cannot be supported in our
subdiffraction structures. If the metal is a perfect electrical conductor (PEC), the fields are
propagated, with the standard FDTD updating scheme [18], coupled with setting E, and E, to

be zero in metallic regions. We also carry out calculations treating the metal as silver with a
Drude plus two-pole Lorentzian form for its dielectric constant,

2 2
em(@ = e - o  _ % O Oy A
w2+i;/Da) mzla)z—wfm +iz2p @

(D

Wefind ¢, =2.3646, wp =8.7377 €V, yp =0.07489eV, Ae =1.1831, g, =0.2663, v,
=43802eV, y, =028eV, g, = 07337, o ,= 5183 eV, y ,= 0.5482 eV provide a
good description of empirical dielectric constant data for silver [19] over the 4 = 250 nm —

1000 nm range of interest, which includes the interband region near 325 nm, as shown in Fig.
2(a). Eq. (1) thus adequately describes the silver absorption loss, related to Im[&y], and
frequency (or wavelength) dispersion.

FDTD calculations consistent with Eq. (1) are accomplished with an auxiliary differential
equation (ADE) approach [18]. In our case, this involves propagation of Drude (Pp) and
Lorentzian (P, ;, P ,) polarization vectors. We infer P from a current vector ADE method
[20]; P_4, and P, are inferred as in Ref. [21]. Instead of updating E, it is convenient to
update the electric flux density, D. To update H we still need E, which is obtained from,
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Field components approaching the outer edges of the grid are absorbed with uniaxial,
perfectly matched layers[18]. A 2 nm grid spacing is used for both the x and y grids. The full
grid is 500 nm x 2200 nm for the straight structure and 2000 nm x 2200 nm for the bent
structure,

Waveguide modes are excited with a soft source [18], which involves updating H, along a
horizontal line within a waveguide section near the bottom end using a sinusoidal pulse.
Source amplitude is uniform along the source line. The sinusoid is enveloped in time by a
Blackman-Harris window, generating a pulse with arange of frequencies. The source spectral
content covers the relevant 4 = 250 nm - 1000 nm range. Fourier transforms of the time-
dependent fields yield the spectral domain information. Incident power, P;,, and transmitted
powers, Ps and P,, are calculated by integrating the normal component of the Poynting vector
along the dashed lines in Fig. 1. A power P, for the bent structure, based on the same line as
Pin, is aso indicated. The lines for P, and P; are 1.5 um above the source line, alowing
enough space for guided modes to form above them. For the right-angle bend (center, Fig. 1),
the bending region is introduced L = 100 nm above the P; line. The same distance L also
separates the P, line from the bending region. For the U-turn (far right, Fig. 1), the bending
region starts L = 100 nm above P;. A horizontal, straight waveguide with length w = 100 nm
connects it to a second right-angle bend, leading downward. The P, line is set at a distance L
below the second bend, as indicated. Using the same source excitation, the straight waveguide
transmittance is Ts = Ps/P;, and the bend and U-turn transmittance is T, = P, /P;,.

E(t) =

3. Right-angle bend
Figure 2(b) shows the bending transmittance, Ty, treating the metal asa PEC, for dlit widthsd
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Fig. 2. (8) The Ag didectric constant, with the solid curves being our
Drude-Lorentz model and the symbols being empirical data [19]. (b)
Bending transmittance, T, for a PEC right-angle bend with two different
dit widths, d. (c) The same as (b) except now with the Drude-Lorentz Ag
model.
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= 100 nm and 400 nm. For d = 100 nm, T, approaches unity with increasing A. With 4> 5d,
we have T, > 0.9. This behavior is not entirely unexpected: older, equivalent circuit models
[22] and more rigorous calculations [23] developed in the context of microwave theory show,
in the quasistatic limit, that T, should indeed approach unity for a PEC. Fig. 2(c), however,
shows that when Eg. (1), arealistic (absorbing and dispersive) model for silver is used, T, can
still be high. Relative to the d = 100 nm PEC results, Ty, significantly lower for A < 500 nm,
but high transmittance is rapidly recovered at longer wavelengths: T, > 0.9 for A > 800 nm.
These d = 100 nm results are similar to those of Veronis and Fan [16]. The wider, d = 400 nm,
dlit results in Figs. 2(b) and 2(c) exhibit considerably less transmittance and also show more
structure than the d = 100 nm results. In the PEC case [Fig. 2(b)], the abrupt minima can be
associated with cut-off wavelengths of various waveguide modes that correlate well with the
cut-off wavelengths of the straight slit TM,,, modes, which are given by 4. = 2d/m, m=1, 2,

As Aincreasesin Fig. 2(b), the m= 3, 2, and 1 modes become allowed at approximately 267,
400 and 800 nm. Note that while the source excitation profile corresponds to m = 0 (uniform
H_ with respect to x), the bend allows coupling to higher order modes. Since the dimensions of
a PEC waveguide are scalable with wavelength, the d = 400 nm dlit will exhibit high
transmittance when A is increased further. The d = 400 nm results for silver, Fig. 2(c), do not
correlate as well with the simple expectations owing to wavelength dependent 1osses.

Non-unit T, can arise from two features: (i) “reflection,” which we take to be the energy
flow returning back to the input terminal due to the discontinuity of bending structure and (ii)
absorption loss in the case of silver. One thus expects that rounding the outer edge of the bend
should reduce reflection and improve bending transmittance, which would also be consistent
with the metal trench calculations of Liu, Han and He [17]. Specifically, we modified d = 100
nm case bent structure of Fig. 1 by rounding the outer corner with a quarter circle of radius
100 nm. Unlike Ref. [17], however, the sharp inner corner is retained. This alows for a more
compact bending region. Figure 3 shows transmittance (solid curve) for this slightly rounded
bend with our redlistic silver model. For reference we also show transmittance for the straight
dlit case (Fig. 1, left) in silver as a dashed curve. For A < 350 nm the transmittance of both
structures is relatively small, with the rounded bend showing the least transmittance over this
range. However, as A increases, transmittance from both structures increases and bending loss
diminishes. Remarkably, we find T, > 0.95 for 4> 700 nm. Relative to the square outer corner
case [Fig. 2(c)], alarge improvement in transmittance is seen in Fig. 3(a) for 400 nm < A<
600 nm. This implies that reflection from the outer bend region is much more significant
when low transmittance occurs. The discontinuity introduced by sharp inner corner does not
have a detrimental effect on T,. Structures with rounded inner and outer corners also reduce
reflectance [17]. However, these latter structures can have longer optical paths in the bending
region and thus exhibit more absorption loss.

The transmittance in Fig. 3 for 4 < 350 nm represents an approximate stop-band,

L= i T o-—————T-——T=—x

0.8

o
e

transmittance

<
=

bent: outer-curve
bent: outer-rectangle
straight ————

0
300 400 500 600 700 800 900 1000
wavelength (nm)

Fig. 3. Transmittance results for a rounded outer bend wall (red solid
curve) are compared with the corresponding transmittance through a
straight dlit (blue long-dashed curve) and rectangle outer wall (green
short-dashed curve.
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introduced by the more complex dielectric constant behavior of silver, as we now show. Since

@ b)

. . . . 0L X
5 10 15 20 25 30 300 400 500 600 700 800 900 1000
B (um™) wavelength (nm)

Fig. 4. (a) Dispersion relation of the lowest, even mode for ad = 100 nm
straight dlit in silver, with being the real part of the propagation constant.
(b) The extinctions coefficient of as a function of wavelength, the

imaginary part of propagation constant.

there are paralels between Ts and Ty, in Fig. 3, we analyze the more analytically tractable,
straight dlit case to learn more about the approximate stop-band behavior. We obtained
waveguide modes by numerically solving the transcendental equation for the propagation
coefficient of a symmetric slab waveguide [24] composed of a central, 100 nm thick slab of
air surrounded by silver with complex dielectric constant Eq. (1). The propagation coefficient
is thus complex and, with our axis convention (Fig. 1), corresponds to the y-component of the
wave vector, k, = S+ i¢; B, o= real numbers. The dispersion relations for the various modes
are somewhat involved, and for clarity Fig. 4 displays just the dispersion relation for the
lowest order even mode, TMo. This mode naturally shares features in common with the
air/metal interface SP dispersion relation [1, 2]. Fig. 4(a) shows that the @ = 5.5 x 10™ - 6 x
10" Hz region (1 = 340-310 nm) of a() exhibits “backbending,” i.e. has da/dB < 0, afeature
also seen in SP dispersion relations when damping is allowed for [25]. (The nature of wave
packets composed of frequencies in the backbending region is an interesting, separate issue
that we are currently exploring.) Figure 4(b) shows that the decay constant is particularly large
in the backbending region, so that absorption loss is the origin of the effective stop-band
behavior seen in Fig. 3. Indeed, we find exp[-4{w)L] is very close to the straight dlit
transmission of Fig. 3. The bent dlit transmittance in silver for this spectral region is even
smaller than the straight-dlit case and the approximate stop-band behavior extends outside the
340-310 nm spectral range, owing to reflection and higher-order mode coupling effects.

The transmittance discussed so far concerns a nanoscale region, with dimensions on the
order of 2L x 2L = 200 nm x 200 nm (Fig. 1). However, it is also natural to ask how long a
signal can propagate either before or after being bent on the nanoscale. The intensity of a
mode will decay to 1/e of its value after a distance 1/(20); 1/(2¢) = 12 mm for the TMo mode
in Fig. 4 at A= 1000 nm. Thus one can propagate significantly larger distances into and out of
bendsin silver.

We examine snapshots of the electric field intensity as light is efficiently bent through a
dlit structure. Figure 5 displays the steady state intensity for 4 = 1000 nm for timest, t + 0.4 x
10%s, and t + 0.8 x 10™°s. The steady state is obtained with a pure sinusoidal, as opposed to
pulsed, source excitation at the wavelength of interest, and propagating to times t such that
transient wavelengths are absent. The resultsin Fig. 5 correspond to the realistic silver model
with arounded outer bend wall, although similar results are obtained with use of a PEC and/or
a right-angled outer bend wall. One sees light intensity building near the inner corner and
effectively focusing the incoming light from the lower portion of the structure and
transmitting it to the upper portion. In the quasistatic limit of a PEC bend, this focusing effect
is represented by a singularity at the corner [26]. When A is decreased, or d is increased, the
portion of energy flow focused at the inner corner becomes smaller. A larger portion of the
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Fig. 5. The square of the magnitude of the (real) electric field for times
@t, (b)t+0.4x 10"s, and (c) t + 0.8 x 10%° s, where t isatime such
that the steady state limit has been achieved (see text).

light interacts with the outer corner region, resulting in higher reflection and reduced
transmittance. Absorption loss for silver, not present in the PEC case, also contributes to the
reduced transmittance at lower wavelengths. The absorption loss is also diminished for longer
wavelength as silver approaches the PEC limit. The focusing effect also explains how the
shape of the outer corner is not important at wavelengths corresponding to high transmittance,
as discussed earlier inrelation to Fig 3.

4. U-turn

Figure 6 displays the bending transmittance obtained for the U-turn dlit structure (Fig. 1, right)
with our Drude-Lorentz silver model. As with the right-angle bend case discussed in Sec. 3,
the transmittance can be remarkably high, better than 90%, in the 4 >> d limit. (We do not
display transmittance for 4 < 400 nm because in this limit the source, placed in the left
channel of the U-turn, leads to waves that couple into the right channel prior to reaching the
bend. This is because a realistic metal becomes more dielectric-like in the limit of small
wavelengths, allowing for waves to pass more through it.) The inner corner focusing effect
identified in Sec. 3 also exists in this case. Figure 7 gives a snapshot, and movie (formatted
with the Cinepak AVI codec), illustrating the effect. The figure was generated using a soft
source tuned to 4= 1000 nm in the lower part of the left channel. It also illustrates clearly the
excellent bending transmission.

5. Concluding remarks

Summarizing, a variety of calculations were undertaken to probe how right-angle bends and
U-turns in nanoscale dlit structures in metals can transmit light. Perfect electrical conductors
(PECs) exhibit excellent bending transmittance for wavelengths long compared to the dlit
width, aresult that is not unexpected from microwave theory and the fact that PEC problems

1.0

0.8

0.6

0.4

transmittance

02

0
400 500 600 700 800 900 1000

wavelength (nm)

Fig. 6. Transmittance results for U-turn. The outer wall isrounded asin
the right-sidefigure of Fig. 1.
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Fig. 7. (1.5MB, video for wave propagation) The square of the magnitude
of the (real) eectric field propagating in a U-turn waveguide.
scaleto any system size.

Since excellent bending transmission occurs for PEC bends which do not support surface
plasmons (SPs), it would be incorrect to attribute the phenomenon discussed here to SPs.
However when arealistic silver model, including dispersion, absorption and supporting SPs at
the optical wavelengths of interest, is studied, good transmittance is still found. Rounding off
the bend outer edge leads to better transmittance. Our right-angle bend dlit results are
consistent with those of Veronis and Fan [16], and the rounding result is similar in spirit to
that of Liu, Han and He [17]. Moreover, a richer transmittance structure than with PECs is
found for right-angle bends at moderate wavelengths compared to the dlit width, involving
approximate stop-bands. We were able to understand this behavior with a dispersion curve
analysis. The bending efficiency in these systems was a so correlated with a focusing effect at
the inner corners.

The features discussed here should be experimentally observable. Current
photolithography and material processing techniques, such as lift-off etching followed by
metal deposition, could be used to fabricate nanoscale bending patterns with considerably
high metal walls, or deep trenches, closely approximating the bending structures we modeled.
Coupling external light into and out of the structures must also be considered. Gratings
surrounding the dlit openings [27, 28] could enhance the coupling efficiency. Another obvious
approach would be to use larger dlit openings, which narrow down to the intended dlit width.
The remarkable physical properties of nanoscale bent dlits in metals could open up exciting
new avenues for nanophotonics research and nanoscal e device applications.
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